ELSEVIER 


Available  online  at  www.sciencedirect.com 


SCIENCE 


DIRECT9 


Journal  of  Power  Sources  136  (2004)  401-407 


www.elsevier.com /locate /jpowsour 


Switch  array  system  for  thin  film  lithium  microbatteries 

Vinesh  Sukumara  *,  Mahmoud  Alahmada,  Kevin  Bucka,  Herbert  Hessa,  Harry  Lia, 
Dave  Coxa,  Fadi  Nessir  Zghoula,  Jeremy  Jackson  b,  Stephen  Terry  b, 

Ben  Blalock*5,  M.M.  Mojarradic,  W.C.  West0,  J.F.  Whitacre0 

a  Microelectronics  Research  and  Communications  Institute,  University  of  Idaho,  Moscow,  ID,  USA 
b  Integrated  Circuits  and  Systems  Laboratory,  University  of  Tennessee,  Knoxville,  77V,  USA 
c  Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  CA,  USA 

Available  online  2  June  2004 


Abstract 

Integrated  microbatteries  are  currently  being  developed  to  provide  reliable  low-noise  voltage  sources  for  system-on-a-chip  applications 
by  Jet  Propulsion  Laboratory  (JPL).  These  microbatteries  help  provide  localized  current  capacities  or  embedded  power  supplies  at  the  chip 
level  for  space  exploration.  This  paper  presents  a  design  approach  for  charging  and  discharging  microbatteries.  Maximum  flexibility  in 
terms  of  voltages  and  currents  are  also  obtained  through  the  use  of  a  switching  matrix.  The  microbatteries  used  for  the  design  are  rated  at 
50nAh  capacity  and  are  solid-state  lithium  electrolyte  based.  The  designs  are  built  using  Microwave  Silicon-on-Insulator  process. 

©  2004  Elsevier  B.V.  All  rights  reserved. 

Keywords:  LDMOSFET;  Micropower;  Microbattery;  SOI 


1.  Introduction 

NASA  engineers  have  been  working  to  develop  a  concep¬ 
tual  design  for  microspacecraft,  which  would  have  all  impor¬ 
tant  features  and  have  a  reduction  in  mass.  NASA  plans  to 
achieve  this  by  the  miniaturization  and  integration  of  power 
sources  with  their  loads  [1].  This  highly  integrated  approach 
would  also  be  useful  for  analogous  commercial,  aerospace, 
and  military  applications.  By  providing  point-of-use  power, 
significant  reduction  in  mass  associated  with  wiring  and 
packaging  can  be  obtained.  Similar  advantages  can  be  uti¬ 
lized  by  colocating  micropower  sources  and  integrated  cir¬ 
cuit  components  on  the  same  chip. 

Thin  film  lithium  microbatteries  have  emerged  as  a  legit¬ 
imate  power  source  in  many  microspacecraft  applications. 
Conventional  bandgap  voltage  reference  circuits  can  be  quite 
large,  and  are  candidates  for  replacement  by  these  microscale 
batteries.  Analog  sensors,  which  require  total  isolation  from 
digital  noise  for  optimal  performance  can  benefit  from  these 
on-chip  power  sources  [2]. 

The  capacity  and  current  rating  of  any  microbattery  is 
limited.  Certain  miniaturized  systems  require  higher  capac¬ 
ities  and  voltages  than  a  single  microbattery  can  provide. 
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This  paper  describes  a  microbattery  switch  array  system 
in  Silicon-on-Insulator,  which  groups  multiple  lithium  mi¬ 
crobatteries  to  form  a  microbattery  array.  This  approach 
provides  maximum  voltage  and  capacity  flexibility  at  the 
chip  level. 

This  switch  matrix  will  also  be  useful  in  providing  on-chip 
power  for  several  low-current,  high-voltage  applications  in 
microspacecraft  systems. 


2.  Microbattery  characteristics 

The  microbatteries  used  for  the  project  have  been  de¬ 
signed,  fabricated,  and  tested  at  JPL,  California  Institute  of 
Technology  [2] .  The  characteristics  of  the  microbatteries  are 
listed  in  Table  1.  The  lithium  microbatteries  fabricated  for 
this  work  were  nominally  600  pirn  x  600  pm,  and  provided 
between  10-50  nAh  capacity  (Fig.  1).  These  microbatteries 
can  be  cycled  hundreds  of  times  with  minimal  capacity  loss 
(Fig.  2)  [2]. 


3.  Microbattery  charging  algorithms 

After  practicing  several  charging  algorithms,  a  constant 
current  constant  voltage  (CCCV)  method  was  found  to  be 


402 


V.  Sukumar  et  al.  /  Journal  of  Power  Sources  136  (2004)  401-407 


Table  1 


Characteristics  of  lithium  microbattery 


Lithium  battery 

Characteristics 

Capacity 

1-200  nAh 

Voltage  rating 

Rated  voltage 

4.25  V 

Maximum  overcharge  voltage 

4. 3-4.4  V 

Electrical  breakdown 

5.5  V 

Operating  range 

4.25-3  V 

Deep  discharge  to 

OV 

Charge/discharge  rating 

Rate  of  charge 

0.1-10C 

Effecient  rate 

0.1-0.15  C 

Normal  rate 

1.0C 

reliable  and  efficient.  In  this  method  a  lithium  microbattery 
is  charged  at  a  set  current  level  (normally  equal  to  1  C  (ca¬ 
pacity)  rating  of  the  microbattery)  until  it  reaches  its  final 
voltage.  At  this  point,  the  charger  circuitry  switches  over  to 
constant  voltage  mode,  and  provides  the  current  necessary 
to  hold  the  microbattery  at  this  final  voltage  (4.25  V/cell). 
During  the  constant  voltage  phase,  current  drops  exponen¬ 
tially  to  a  zero  value.  Thus,  the  charger  should  be  capable  of 
providing  stable  control  loops  for  maintaining  either  current 
or  voltage  at  a  constant  value,  depending  on  the  state  of  the 
microbattery  [3].  To  maximize  useful  charge  cycle  time,  the 
CCCV  was  removed  as  soon  as  the  charging  current  reached 
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Fig.  1.  Charge  and  discharge  profile  of  a  lithium  microbattery. 
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Fig.  2.  Capacity  behavior  as  a  function  of  charge  cycles. 


5%  of  the  constant  current  value.  At  this  point  it  was  ob¬ 
served  that  the  microbattery  capacity  reached  95-99%  of  the 
rated  value  [3]. 

Table  1  indicates  that  the  capacity  of  the  microbatteries 
is  in  the  nano- ampere-hour  range.  As  such,  it  is  challeng¬ 
ing  to  generate  a  very  accurate  nano-ampere  current  source 
using  discrete  components.  To  overcome  this  difficulty, 
pulse  charging  is  considered  because  these  microbatteries 
responded  well  to  pulses  of  current.  It  is  our  experience  that 
the  microbatteries  can  tolerate  pulse  charging  without  any 
apparent  deleterious  effects.  The  basic  concept  is  to  charge 
thin  film  microbatteries  with  large  values  of  current,  but 
with  a  small  duty  cycle  at  high  frequencies.  This  produces 
a  fairly  accurate  net  lower  average  current. 

In  a  microbattery  stack  array,  it  is  advisable  that  the  mi¬ 
crobatteries  be  charged  in  parallel.  Serial  charging  is  not 
practiced  because  of  the  difficulty  in  maintaining  voltage 
balance.  This  allows  the  charger  circuitry  to  be  simpler  in 
design  as  well. 

After  several  lab-based  charge/discharge  experimental  tri¬ 
als  involving  lithium  microbatteries  using  discrete  compo¬ 
nents,  it  was  concluded  that  the  integrated  charger  could  use 
either  the  CCCV  method  or  the  pulse-charge  algorithm  to 
charge  the  microbatteries  and  achieve  acceptable  results. 


4.  Microbattery  power  management  system 

Fig.  3  is  a  block  diagram  representation  of  the  inte¬ 
grated  microbattery  power  management  system  (piBPMS), 
developed  using  Silicon-on-Insulator  process  rules.  The 
[xBPMS  is  a  system  designed  for  programmability  and 
flexibility  features  for  a  microbattery  cell.  Such  features 
include  charge/discharge  option,  and  characteristic  mon¬ 
itoring  of  each  cell.  In  addition,  the  system  maintains  a 
look-up  table  indicating  such  parameters  as  number  of 
charged  cells,  number  of  cells  to  be  charged,  number  of 
faulty  cells,  and  the  number  of  times  a  given  cells  has  been 
charged/discharged.  These  data  will  be  available  to  the  user 
as  a  real-time  status  of  the  system.  The  charge  mechanism 
can  be  applied  to  single  cells  or  multi-cells  connected  in 
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Fig.  3.  Microbattery  power  management  system  level  architecture. 
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Fig.  4.  Microbattery  charger  architecture. 


parallel.  The  discharge  mechanism  can  be  applied  to  single 
cells  or  multi  cells  connected  in  parallel  for  user-defined 
capacity  requirements  or  cells  connected  in  series  for  user 
defined  voltage  values. 

The  jjlBPMS  consists  of  five  parts:  charge  circuitry,  charge 
controller,  jjiBPMS  battery  switch  array  system,  interface 
circuitry,  and  controller  as  shown  in  Fig.  3.  The  charge  cir¬ 
cuitry  is  a  system  that  provides  fifteen  different  current  val¬ 
ues  in  increments  of  50  nA  and  a  constant  voltage  level.  The 
current  increments  and/or  constant  voltage  can  be  selected 
to  charge  the  cells  as  required  by  the  system.  The  charge 
controller  system  provides  additional  charge  flexibility  to  the 
user  by  allowing  pulse  charging  to  be  incorporated  into  the 
charging  mechanism.  The  jxBPMS  consists  of  two  parts:  a 
switch  matrix  and  switch  matrix  controller.  The  switch  ma¬ 
trix  allows  the  system  to  connect  N  cells  in  any  desired  con¬ 
figuration.  While  the  switch  matrix  controller  provides  the 
desired  control  signals  to  achieve  the  desired  configuration. 
The  interface  circuitry  is  a  system  component  that  allows  the 
controller  to  communicate  with  the  individual  components 
of  the  jjiBPMS.  The  controller  is  a  software/hardware  inte¬ 
grated  system  that  monitors  the  operation  of  the  individual 
components  of  the  system  and  performs  tasks  as  outlined  in 
the  system  specifications  [4]. 

Fig.  4  is  the  block  diagram  representation  of  the  Uni¬ 
versity  of  Tennessee’s  charger  circuitry.  The  charger  pro¬ 
vides  a  digitally  adjustable  output  current  in  increments  of 
50  nA  up  to  a  maximum  of  750  nA.  The  output  current  is 
controlled  using  a  four-bit,  current-mode  digital-to-analog 
converter  (DAC).  The  controller  is  responsible  for  sending 
the  four-bit  control  word  to  the  charger  circuitry.  The  con¬ 
stant  voltage  charging  capability  of  4.25  V  is  implemented 
using  a  voltage  regulator  circuit.  A  flash  analog-to-digital 
converter  (ADC)  constantly  monitors  the  microbattery  volt¬ 
age  and  signals  the  charge  controller  when  the  microbattery 
is  at  full  voltage  capacity. 

5.  Microbattery  switch  matrix  design  issues 

The  microbattery  switch  matrix  helps  in  providing  the 
maximum  voltage  and  current  capacities  that  approach  theo¬ 
retical  values.  As  seen  in  Fig.  5,  for  charging  cell  1,  switches 


Fig.  5.  Switch  matrix  for  the  microbattery  switch  array  system. 


SI,  S2,  and  S .CHARGE  are  fully  on  with  the  other  ter¬ 
minal  switches  being  fully  off.  The  same  principle  applies 
for  charging  other  cells  individually  with  the  appropriate 
switches  turned  on. 

For  discharging  cell  1,  switches  SI,  S2,  and  SJ3IS- 
CHARGE  are  fully  on  to  form  the  closed  loop  circuit.  The 
switch  matrix  also  helps  achieve  series  discharge.  As  seen 
in  the  schematic,  if  there  exists  a  series  discharge  path  with 
all  cells  connected  in  series,  then  node  Y  experiences  a 
potential  of  17  V  (4  x  4.25  V).  It  is  an  important  design 
issue  that  the  switches  handle  such  a  high  value  of  voltage 
without  experiencing  electrical  breakdown.  At  the  same 
time,  it  can  be  observed  that  the  switch  S 1  is  used  for  both 
charging  and  discharging  cell  1.  As  such,  the  switch  must 
be  bi-directional.  It  is  desirable  that  the  forward  voltage 
drop  associated  with  each  switch  during  charging  a  cell  be 
as  small  as  possible.  If  one  desires  to  retain  a  fully  charged 
microbattery,  for  example,  cell  1,  then  switch  SI  has  to  be 
fully  off  with  no  leakage  present.  If  switch  SI  experiences 
leakage,  then  there  exists  a  possibility  wherein  cell  1  could 
lose  charge  to  Node  X  through  switch  SI.  Initially,  high 
voltage  diodes  were  used  for  the  design  of  the  switches, 
but  experimental  results  showed  that  the  leakage  were  in 
the  range  of  17  nA  and,  as  such  the  design  was  discarded. 
After  several  experimental  trials,  high  voltage  metal  oxide 
semiconductor  (MOS)  switches  were  found  that  satisfy  the 
leakage  requirements.  A  separate  array  of  switches  are  used 
for  charging  and  discharging  the  cells,  as  explained  in  the 
next  section  of  the  paper. 

6.  Different  working  cases  of  a  switch  matrix  for  the 
microbattery  switch  array  system 

Using  the  switch  matrix  in  Fig.  5,  four  possible  operating 
cases  can  be  envisioned  to  charge  and  discharge  microbat¬ 
teries. 

6.1.  Charging  any  individual  microbattery 

In  any  given  microbattery  stack  array,  there  exists  a  pos¬ 
sibility  wherein  a  single  microbattery  requires  charge.  Such 
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Oi;irRiiifc  current  required  50nA  DISCHARGE  SWITCH 


CHARGE  SWITCH 


VX=  Voltage  value  set  depending  on  the  state  of  the  battery. 

Fig.  6.  Charging  any  single  microbattery. 


microbatteries  would  require  charging  current  for  a  fully 
charged  condition.  Fig.  6  schematic  shows  one  method  to 
achieve  this.  The  charging  current  is  limited  to  a  1-C  rating 
of  the  microbattery,  which  is  equivalent  to  50  nA  of  current. 
The  gate  voltages  for  each  of  the  MOS  switches  is  provided 
by  a  gate  driver  controller. 

At  any  point  of  charge  cycle  time,  it  is  important  that 
the  voltage  of  the  microbattery  be  known.  This  is  because 
the  microbattery  voltage  sets  the  gate  voltage  of  the  charg¬ 
ing  switch.  For  example,  if  the  microbattery  voltage  is  at 
4.10  V,  then  the  microbattery  requires  charging  current  to 
reach  end-of-charge  threshold  value  of  4.25  V.  If  the  gate 
voltage  of  switch  SC2  is  kept  at  5  V,  then  the  device  SC2 
is  not  in  a  strong  inversion  region.  This  tends  to  limit  the 
amount  of  charging  current  going  into  cell  1.  This  is  over¬ 
come  by  increasing  the  gate  voltage  to  a  higher  value,  e.g. 
6  V.  Now,  if  the  same  gate  voltage  is  maintained  and  if  the 
microbattery  voltage  is  at  0  V,  this  could  lead  to  device  gate 
oxide  breakdown. 

Switch  SC2  has  an  isolated  bulk.  This  is  because,  when 
cells  1  and  2  are  connected  in  series,  the  positive  side  of 
cell  1  is  raised  to  a  potential  of  8.50  V  (2  x  4.25  V).  This 
forward  biases  the  internal  pn  diode  formed  between  the 
source  and  bulk,  yielding  a  flow  of  current  from  node  X 
to  node  Y,  which  is  an  undesirable  factor.  This  has  been 
eliminated  by  isolating  the  bulk  and  reverse  biasing  the  pn 
diode. 

6.2.  Charging  microbatteries  in  parallel 

It  is  always  advisable  that  all  the  microbatteries  in  a  stack 
array  be  charged  at  the  same  time  so  that  they  obtain  equal 
microbattery  voltages.  The  microbatteries  can  be  charged 
both  serially  and  in  parallel.  Series  charging  is  not  practical 
because  it  is  difficult  to  balance  the  microbattery  voltages. 
Parallel  charging  offers  the  advantage  of  microbatteries  au¬ 
tomatically  reaching  an  equivalent  potential  value.  Fig.  7  de¬ 
picts  how  microbatteries  can  be  charged  in  parallel.  Switch 
SC3  has  an  isolated  bulk  and  holds  the  same  explanation  as 
switch  SC2. 


VX_  Voltage  value  set  depending  on  the  state  of  the  battery. 

Fig.  7.  Charging  microbatteries  in  parallel. 


6.3.  Discharging  microbatteries  in  parallel 

The  microbattery  switch  matrix  also  assists  in  providing 
increased  current  capacities  to  the  load.  This  is  achieved  by 
discharging  microbatteries  in  parallel.  Since  each  of  these 
microbatteries  are  rated  at  50  nAh,  it  is  possible  to  provide 
100  nA  of  current  for  1  h  to  the  load  before  the  microbatteries 
reach  the  lower  end-of-charge  threshold  voltage.  P-channel 
MOS  devices  are  used  as  switches  during  the  discharge  as 
seen  in  Fig.  8.  The  gate  voltages  of  the  P-channel  MOS 
devices  (SD2  and  SD1)  are  pulled  low.  This  forces  the  device 
to  operate  in  a  strong  inversion  region.  As  such,  maximum 
energy  can  be  harnessed  from  the  microbatteries.  Higher 
current  capacities  can  be  obtained  by  increasing  the  number 
of  microbatteries  in  the  switch  matrix. 

6.4.  Discharging  microbatteries  in  series 

The  microbattery  switch  matrix  also  facilitates  in  pro¬ 
viding  increased  supply  voltages  (Fig.  9)  at  the  chip  level 
and  thereby  eliminating  area  used  by  power  supply  circuits. 
Ideally  speaking,  since  each  of  these  microbatteries  has  a 
full-scale  voltage  reading  of  4.25  V,  it  is  again  possible  to 
provide  8.50  V  for  a  period  of  1  h  before  the  microbatter¬ 
ies  reach  their  threshold  voltage  value.  The  gate  voltage 
for  switch  SD2  is  maintained  at  5  V  [5].  This  is  done  so 
that  the  switch  exhibits  an  automatic  disconnect  behavior 
when  the  combined  cell  voltage  reaches  6  V.  This  limits  the 

DISCHARGE  SWITCH 


Fig.  8.  Discharging  microbatteries  in  parallel. 
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VX=Volcaf*  value  t«t  depending  on  (he  state  of  (he  battery. 

Fig.  9.  Discharging  microbatteries  in  series. 


microbattery  voltage  to  3  V/cell  assuming  that  we  have  iden¬ 
tical  microbatteries.  To  avoid  capacity  degradation,  over¬ 
charge  or  deep  discharge  is  not  practiced. 


Fig.  11.  Charging  microbatteries  in  parallel. 


7.  Computer  simulation  results 


Simulation  results  of  the  switch  matrix  using  3.3  V 
Silicon-on-Insulator  SPICE  models  at  room  temperature  are 
shown  in  Figs.  11-14.  Fig.  11  shows  the  simulated  voltage 
behavior  of  the  switch  matrix  controller  for  charging  two 
microbatteries  in  parallel. 

A  parallel  RC  model  (Fig.  10)  for  a  microbattery  is  as¬ 
sumed  during  the  simulation  trials.  A  current  of  100  nA  was 
used  to  charge  two  identical  RC  networks  [6].  The  value  of 
the  resistor  in  the  RC  model  was  chosen  as  shown  below. 

4.25  V 

RA  =  — —  =85  Meg  (1) 

50  nA 


The  4.25  V  in  Eq.  (1)  is  the  rated  full-scale  rated  voltage 
of  the  microbattery  and  50  nA  is  equivalent  to  1  C  rating  of 
the  microbattery.  The  time  constant  (r)  was  maintained  at 
around  520  s  [7].  This  led  to  a  capacitance  of  approximately 
6  jxF  as  shown  below 


520  s 
85  Meg 


5.88  jxF 


Fig.  10.  RC  model  used  for  the  microbattery. 


This  model  only  accounts  for  the  microbattery  capacity  and 
does  not  necessarily  predict  realistic  current-voltage  profiles 
as  a  function  of  time. 

The  constant  current  behavior  and  the  constant  voltage 
behavior  are  as  shown  in  Fig.  11.  A  total  of  5  pA  of  leakage 
currents  was  observed  during  simulations  as  seen  in  Fig.  14. 
The  maximum  gate  source  voltage  at  any  given  point  of  time 
during  charging  was  limited  to  6  V. 

Fig.  12,  another  simulation  example,  shows  how  the  mi¬ 
crobatteries  can  be  discharged  in  parallel  to  produce  in¬ 
creased  current  capacities.  A  resistive  load  is  presumed  at 
the  output  terminals.  Again,  it  is  assumed  that  the  micro¬ 
batteries  have  identical  ratings.  In  this  mode,  switch  SD1 
shows  a  forward  voltage  of  1 8  mV  due  to  increased  current 
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Fig.  13.  Leakage  current  measurements. 


flow.  The  other  conducting  switches  maintain  a  drop  of 
10  mV. 

Fig.  13  shows  how  the  microbatteries  discharge  in  series 
mode,  with  automatic  self-disconnect  configuration.  The  se¬ 
ries  grouping  allows  microbatteries  to  achieve  higher  voltage 
value  of  8.50  V.  The  microbatteries  are  allowed  to  discharge 
to  a  combined  value  of  6  V,  before  the  discharge  switch  turns 
itself  off. 

Fig.  14  shows  the  amount  of  leakage  associated  with  the 
MOS  switches.  In  this  simulation,  a  fully  charged  micro¬ 
battery  was  assumed  with  appropriate  gate  voltages  applied 
to  the  switches  so  that  they  are  in  the  off  state  [8].  A  re¬ 
sistive  load  of  85  Meg  with  a  pad  capacitance  of  20  pF  was 
assumed  for  the  simulations.  An  output  voltage  of  430  jjiV 


Fig.  15.  Map  of  layout  for  microbattery  switch  matrix. 


was  observed  at  the  load  under  blocking  conditions  infer¬ 
ring  a  leakage  current  of  5  pA.  This  simulation  points  out 
that  isolation  could  be  achieved  with  little  to  no  energy 
loss  from  the  microbattery.  Also,  the  forward  voltage  for 
any  conducting  MOS  switch  was  observed  to  be  close  to 
10  mV. 

A  gate/bulk  driver  circuit  for  the  microbattery  switch  ma¬ 
trix  has  been  developed  that  will  be  addressed  in  a  future 
paper  [8].  It  drives  the  switches  in  a  reliable  manner.  From 
the  above-based  simulations,  it  is  safe  to  conclude  that  the 
microbattery  switch  matrix  will  perform  as  desired. 

The  discharge  profiles  do  not  necessarily  replicate  ideal 
microbattery  discharge  characteristics.  The  simulations  are 
used  to  prove  that  the  switch  matrix  allows  energy  transfer 
to  the  load  without  any  loss  of  energy. 


8.  Test  chip 


A  test  chip  is  being  fabricated  in  a  0.35- pan  Silicon-on- 
Insulator  process  as  seen  in  Fig.  15.  Upon  completion  of 
fabrication,  its  performance  will  be  appropriately  reported. 


9.  Conclusions 

A  switch  matrix  for  two  microbatteries  is  successfully  de¬ 
veloped.  The  designed  switch  matrix  is  a  subset  of  a  com¬ 
plete  microbattery  power  management  system.  The  two-cell 
microbattery  switch  matrix  is  an  implementation  of  the  gen¬ 
eral  microbattery  switch  array  system  discussed  earlier.  It 
helps  in  charging  two  microbatteries  in  parallel  and  at  the 
same  time  also  allows  two  microbatteries  to  be  discharged 
in  series  or  parallel  mode.  Using  a  simple  model  of  the  mi¬ 
crobattery  in  the  SPICE  simulations,  MOS  devices  show 
negligible  device  leakage  (<5  pA)  and  also  less  than  10  mV 
forward  drop  on  any  switch.  This  is  appropriate  for  any  mi¬ 
crobattery  charge  of  the  stated  size  (50nAh  microbattery). 
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